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GENERATION OF LARGE SYNTHETIC  DATA-BASE FOR 

(I) RANKING OF  PHYSICS FEATURES

(II) TESTING DOWNSTREAM APPLICATIONS/MODELS FOR:
(A) SINGLE, TWO AND MULTI-PARTICLES DISPERSION
(B) PARTICLES’ BREAKING/AGGREGATION
(C) CHORENT STRUCTURES TRACKING
(D) MULTI-TIME MULTI-SCALE TURBULENT FLUCTUATIONS

(III) DATA ASSIMILATION/IMPUTATION FROM MISSING 
FIELD/EXPERIMENTAL OBERVATION 

(IV) CLASSIFICATION/INFERRAL OF MISSING/INTERNAL
PROPERTIES: 
i. INERTIA
ii. SHAPE
iii. ACTIVE DEGREES OF FREEDOM 
iv. ….
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GAUSSIAN – NO INTERMITTENCY

VISCOUS                          VISCOUS-INERTIAL        INERTIAL 
• UNIVERSALITY
• SCALE-BY-SCALE
     INTERMITTENCY
• VISCOUS-SCALE
      FLUCTUATIONS
• MF-PREDICTION
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[v(x + r) � v(x)]/�r

NON GAUSSIAN STATISTICS
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NAVIER-STOKES 3D

t

STRONGLY NON-GAUSSIAN

<latexit sha1_base64="bAou1dw7Fh8m27TFNDHayGc4Ovw=">AAAB+3icbZDLSsNAFIYn9VbrLdalm2ARWsSSiKjLohuXFewF2hAm00k7dDIJMyfFEvoqblwo4tYXcefbOE2z0NYfBj7+cw7nzO/HnCmw7W+jsLa+sblV3C7t7O7tH5iH5baKEkloi0Q8kl0fK8qZoC1gwGk3lhSHPqcdf3w3r3cmVCoWiUeYxtQN8VCwgBEM2vLM8sRjVTjrA05q5xnXPLNi1+1M1io4OVRQrqZnfvUHEUlCKoBwrFTPsWNwUyyBEU5npX6iaIzJGA9pT6PAIVVumt0+s061M7CCSOonwMrc3xMpDpWahr7uDDGM1HJtbv5X6yUQ3LgpE3ECVJDFoiDhFkTWPAhrwCQlwKcaMJFM32qREZaYgI6rpENwlr+8Cu2LunNVdx4uK43bPI4iOkYnqIocdI0a6B41UQsR9ISe0St6M2bGi/FufCxaC0Y+c4T+yPj8AXLjk2k=</latexit>

vi(t + ⌧) � vi(t)

<latexit sha1_base64="qoN/HomgSyXMF0R0PT0Dvn9maSc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0swm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKOZSH2k6qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bH7rjJxZZUjCWNtSSObq74mMRsZMo8B2RhTHZtnLxf+8XorhjZ8JlaTIFVssClNJMCb542QoNGcop5ZQpoW9lbAx1ZShjadiQ/CWX14l7Yu6d1X3Hi5rjdsijjKcwCmcgwfX0IB7aEILGIzhGV7hzYmcF+fd+Vi0lpxi5hj+wPn8ASMljk4=</latexit>⌧



Sawford, B. L. Reynolds number effects in Lagrangian stochastic models of turbulent dispersion.
Phys. Fluids A: Fluid Dyn. 3, 1577–1586 (1991).

Wilson, J. D. & Sawford, B. L. Review of lagrangian stochastic models for trajectories in the turbulent atmosphere. 
Boundary-layer meteorology 78, 191–210 (1996).

Biferale, L., Boffetta, G., Celani, A., Crisanti, A. & Vulpiani, A. Mimicking a turbulent signal: Sequential multiaffine processes. 
Physical Review E 57, R6261 (1998).

Arneodo, A., Bacry, E. & Muzy, J.-F. Random cascades on wavelet dyadic trees. Journal of Mathematical Physics 39, 4142–4164 (1998).

Lamorgese, A., Pope, S. B., Yeung, P. & Sawford, B. L. A conditionally cubic-gaussian stochastic 
lagrangian model for acceleration in isotropic  turbulence. Journal of Fluid Mechanics 582, 423–448 (2007).

Arnéodo, A. et al. Universal intermittent properties of particle trajectories in highly turbulent flows. Physical Review Letters 100, 254504 (2008

Pope, S. B. Simple models of turbulent flows. Physics of Fluids 23, 011301 (2011).

Minier, J.-P., Chibbaro, S. & Pope, S. B. Guidelines for the formulation of lagrangian stochastic models for 
particle simulations of single-phase and dispersed two-phase turbulent flows. Physics of Fluids 26, 113303 (2014).

Chevillard, L., Garban, C., Rhodes, R. & Vargas, V. On a skewed and multifractal unidimensional random field, as a 
probabilistic representation of kolmogorov’s views on turbulence. In Annales Henri Poincaré, vol. 20, 3693–3741 (Springer, 2019).

Viggiano, B. et al. Modelling lagrangian velocity and acceleration in turbulent flows as infinitely 
differentiable stochastic processes. Journal of Fluid Mechanics 900, A27 (2020).

Sinhuber, M., Friedrich, J., Grauer, R. & Wilczek, M. Multi-level stochastic refinement for complex 
time series and fields: a data-driven approach. New Journal of Physics 23, 063063 (2021).

Zamansky, R. Acceleration scaling and stochastic dynamics of a fluid particle in turbulence. Physical Review Fluids 7, 084608 (2022).

Lubcke, J, Friedrich, J., Grauer, R. Stochastic interpolation of sparsely sampled time series by a superstatistical random process 
and its synthesis in Fourier and wavelet space. J. Phys. Complex. 4 015005 (2023)



G. BIROLI 2023 - Generative AI and Diffusion Models: a Statistical Physics Analysis –Stat. Phys for Machine Learning Workshop



backward proces

forward process

DIFFUSION MODELS
‘Synthetic Lagrangian Turbulence: all you need is Diffusion Models’ 

T. Li, L.B, F. Bonaccorso, M. Scarpolini and M. Buzzicotti (arXiv:2307.08529 2024,  Nature Machine Intelligence in press)
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LAGRANGIAN STRUCTURE FUNCTIONS GENERALIZED FLATNESS
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Since Kolmogorov’s conjecture, ...... in this so-called ..... range have been 
expected to follow universal ..... for which theoretical predictions ......

1. Since Kolmogorov’s conjecture, scaling laws in this so-called inertial 
range have been expected to follow universal behavior for which 
theoretical predictions exist.

2. Since Kolmogorov’s conjecture, turbulent flows in this so-called inertial range 
have been expected to follow universal scaling laws for which theoretical 
predictions abound.

GT: Since Kolmogorov’s conjecture, the velocity difference statistics in this 
so-called inertial range have been expected to follow universal power laws 
for which theoretical predictions have been refined over the years

IMPUTATION, CONDITIONAL TEXT GENERATION



Small-scale fluctuations in turbulence are not entirely universal 
across all scales and flow conditions. While certain statistical 
properties, such as the energy cascade from large to small 
scales, exhibit universal behavior as predicted by theories like 
Kolmogorov's, the specifics of small-scale fluctuations can vary 
depending on factors such as the Reynolds number, flow 
geometry, and presence of external forces.

However, there are certain aspects of small-scale turbulence 
that can be considered more universal. For example, in the 
inertial subrange of high Reynolds number turbulence, the 
statistical behavior of small-scale fluctuations tends to follow 
power-law scaling consistent with Kolmogorov's theories. Yet, 
the precise values of parameters such as the Kolmogorov 
constant or the intermittency corrections can vary in different 
flows. Therefore, while there are universal features in small-
scale turbulence, there are also non-universal aspects that 
depend on the specific conditions of the flow.

UNCONDITIONED TEXT GENERATION
Q: TELL MORE ABOUT UNIVERSALITY OF SMALL-SCALE FLUCTUATIONS IN TURBULENCE



IMPUNTATION OF LAGRANGIAN TRAJECTORIES: CONDITIONAL DM

Gap size: ⁄𝑻𝑮 𝝉𝜼 = 𝟓𝟎, ⁄𝑻𝑮 𝑻𝑰 = ⁄𝟏 𝟒



Gaussian Process Regression (GPR)

Gap region, 𝑮

Training process:

computing the covariance with training data

Reconstruction with measurement, 𝓥𝑺:
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GAUSSIAN PROCESS REGRESSION DIFFUSION MODEL





2nd order 4th order 6th order





GENERATION IN THE LOOP



CHARGED-PARTICLES IN MHD
with R. Grauer & J. Lubcke (Bochum U., GER)
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